Matrix metalloproteinases (MMPs) are a family of extracellular proteases capable of degrading various proteinaceous components of the extracellular matrix (ECM). They have been implicated to play important roles in a number of developmental and pathological processes, such as tumor metastasis and inflammation. Relatively few studies have been carried out to investigate the function of MMPs during postembryonic organ-development. Using Xenopus laevis development as a model system, we demonstrate here that three MMPs, stromelysin-3 (ST3), collagenases-3 (Col3), and Col4, have distinct spatial and temporal expression profiles during metamorphosis as the tadpole transforms into a frog. In situ hybridizations reveal a tight, but distinct, association of individual MMPs with tissue remodeling in the tail and intestine during metamorphosis. In particular, ST3 expression is strongly correlated with apoptosis in both organs as demonstrated by analyses of serial sections with in situ hybridization for ST3 mRNA and TUNEL (terminal deoxyribonucleotidyl transferase-mediated dUTP-biotin nick end labeling) for apoptosis, respectively. On the other 
INTRODUCTION
Cell signaling and migration are two of the crucial events common to all multicellular organisms, particularly vertebrates. As a single fertilized egg divides into numerous cells, it is in large part the extracellular matrix (ECM), which the cells themselves create, that provides the distinct environments for proper cell-cell interactions to guide the cells to specific developmental pathways [1] . Not only are important cytokines, morphogens, and growth factors forced to pass through ECM in order to reach their target cells to carry out their signaling function, but important cell-cell communications through molecules such as cadherins, are all controlled by the compositions of the local ECM environment. Furthermore, cell-ECM contacts can directly affect cell fate determination, e.g., apoptosis vs. proliferation and differentiation, attachment vs. migration [2] . Thus, it is easy to envision that establishing and maintaining a proper ECM environment plays critical roles in organogenesis and tissue remodeling during development.
ECM remodeling is to a large extent mediated by matrix metalloproteinases (MMPs), a family of Zn 2+ -dependent proteases that are capable of degrading proteinaceous components of the ECM [3] [4] [5] [6] . About 20 different MMPs have been identified in vertebrates, including collagenases, gelatinases, stromelysins, and membrane-type MMPs, etc. MMPs are secreted as inactive proenzymes, with the exception of stromelysin-3 (ST3) and membrane-type MMPs [7] , [8] , that are activated intracellularly. The proenzymes are kept inactive due to the formation of a fourth coordination bond with the catalytic Zn 2+ by a conserved cysteine residue in the propeptide [9] . The proenzymes can be activated in the ECM or on the cell surface through the proteolytic removal of the propeptide [10] [11] [12] [13] . Different activated MMPs have distinct but overlapping substrate specificity and collectively they can degrade all proteinaceous components of the ECM [8] , [14] . Thus, differential regulation of the levels of various MMPs may lead to distinct ECM remodeling events, thereby resulting in different biological consequences. In fact, MMP genes have been shown to be regulated differentially in different developmental and pathological processes, such as post-lactation involution of the mammary gland and cancer metastasis in mammals [15] [16] [17] .
We are interested in the roles of different MMPs during development. We have chosen the South African toad Xenopus laevis as a model system. Xenopus laevis embryo develops externally and independent of maternal influence. Like other anurans, Xenopus laevis undergoes a biphasic developmental process, first forming a free living tadpole and subsequently metamorphosing into the adult form, which has a very different living habitat. An important advantage of this metamorphic process is its absolute dependence on thyroid hormone (TH) [18] , [19] . TH has been shown to regulate amphibian metamorphosis organ-autonomously and in many cases, cell-autonomously by directly controlling the expression of its target genes in different organs [20] , [21] . This organ-autonomous nature of TH-regulation has made it possible to reproduce the metamorphic transformations in organ cultures, thus providing an opportunity for relatively straightforward functional studies of extracellular proteins such as MMPs in vitro.
The involvement of MMPs in anuran development was first revealed more than 30 year ago when Gross and colleagues first discovered collagenase activities in the resorbing tail during metamorphosis [22] . More recently, several MMP genes were found to be among the TH-induced genes in various organs during metamorphosis [23] [24] [25] [26] .
To investigate the possible roles of MMPs during Xenopus development, we have now analyzed in detail the spatial temporal expression profiles of three MMPs, stromelysin-3 (ST3), collagenase-3 (Col3), and Col4, during development. For this purpose, we focus on intestinal remodeling and tail resorption. Although these two processes occur at different developmental stages, both take place when plasma TH levels are high (Fig 1) . Furthermore, both involve extensive apoptosis. In the intestine, the larval epithelial cells undergo apoptosis, and in the tail, all cells eventually die. On the other hand, the two organs consist of very different cell types with different extracellular matrices, suggesting possible differential requirements for MMPs. Indeed, our results suggest that different MMPs play different roles in regulating cell death and tissue morphogenesis during metamorphosis.
MATERIALS AND METHODS

In situ hybridization of tissue sections
Tail and anterior small intestine from tadpoles at indicated stages were washed with PBS and fixed for 2 h in PBS containing 4% paraformaldehyde. Following 3-4 h of infusion in 0.5 M sucrose in PBS, intestine fragments were embedded in OCT cryogenic embedding media (Miles Laboratories) and flash frozen in liquid nitrogen cooled isopentane. Cross-sections of 6 μm thickness were cut and placed on Fisher Probe-On charged slides and air-dried overnight prior to use.
Tissue section slides were washed 3 times for 5 min in PBS 0.1% Tween-20. Tissues were then permeabilized with 20 μg /ml proteinase K for 3 min at room temperature followed by refixation in 4% paraformaldehyde in PBS for 10 min and then washed several times with PBS 0.1% Tween-20. Samples were acetylated with a 10-min treatment in 0.1 M triethanolamine pH 8.0 with 0.25% acetic anhydride. Following several washes in PBS 0.1% Tween-20, slides were prehybridized in 50% formamide and 5 SSC for 30 min at 67 . Hybridization solution consisted of 50 % formamide, 5 SSC, 1 Denhart's, 100 μg/ml sheared salmon sperm DNA and 100 μg/ml yeast tRNA and 300-500 ng/ml Digoxigenin (DIG)-labeled RNA probe. Hybridization was at 67 overnight. A 5-min wash in 2 SSC at 67 was then followed by 2 30-min washes in 0.2 SSC at 72 . Slides were then rinsed with 0.2 SSC at room temperature and washed twice for 5 min in 100 mM Tris pH 7.4, 150 mM NaCl. Samples were blocked for 1 h in 100 mM Tris pH 7. 4, 150 mM NaCl containing 10% sheep serum and a 1:2000 dilution of an alkaline phosphataseconjugated DIG antibody was added and incubated overnight at 4
. Four 5-min washes were followed by one 15-minute wash, and the colorimetric reaction was then developed.
TUNEL assays of apoptotic cells Correlation of intestinal remodeling and tail resorption with plasma thyroid hormone concentration. The plasma T3 levels are from [45] and the developmental stages are based on [46] . Intestinal remodeling begins around stage 58 when the connective tissue increases in thickness. By stage 60, adult epithelial cells can be detected as proliferating cell islets (dots) and larval epithelial cells begin to die through apoptosis (open circles). By stage 62, larval epithelial cell death is essentially complete and adult epithelial cells begin to differentiate to form the multiply folded adult epithelium. The connective tissue and muscles of the intestine develop extensively as well. Tail resorption as measured by tail length reduction begins around stage 62 and completes with 10 days. C, connective tissue; M, muscles; E, epithelium; L, intestinal lumen. TUNEL (terminal deoxyribonucleotidyl transferase-mediated dUTP-biotin nick end labeling) assays on tissue sections were performed using Promegas DEADEND TUNEL kit (G7130) per instructions of the manufacturer. Briefly, 4% paraformaldehyde fixed sections were embedded in OCT cryosectioning media (Miles laboratories) and 6 mm sections were taken. Following brief post fixation in 4% paraformaldehyde, proteinase K treatment, 4% paraformaldehyde again, and PBS washes, samples were incubated with biotinylated nucleotide and terminal transferase at 37 for 30 min. Following washes and quenching of endogenous peroxidase activity using H 2 O 2 , the b i o t i n l a b e l w a s d e t e c t e d w i t h s t r e p t a v i d i n -H R P ( h o r s e r a d i s h p e r o x i d a s e ) a n d a D A B (diaminobenzidine tetrahydrochloride dihydrate) color reaction.
RESULTS
The three MMP genes, ST3, Col3 and Col4, are all upregulated by TH during Xenopus laevis metamorphosis. However, they have different expression profiles. Northern blot analyses have shown that while Col3 and Col4 are dramatically activated during tail resorption, they are expressed at much lower levels in the metamorphosing intestine [23] , [25] , [26] . ST3 is, however, highly expressed in both organs during metamorphosis. Another important difference between ST3 and the collagenase genes is the kinetics of their upregulation during treatment of premetamorphic tadpoles with physiological concentrations of TH. ST3 is induced in both the intestine and tail within a few hours of TH treatment while Col3 and Col4 are significantly upregulated only in the tail and only after extended TH treatment 1 day) [25, 26] . These differences prompted us to compare the spatial temporal expression profiles of these MMPs and their relationship with tissue transformations in these two organs.
ST3 but not Col3 or Col4 is associated with apoptosis during intestinal metamorphosis
In situ hybridization was carried out to determine the spatial expression of the MMPs during metamorphosis. In the intestine, there was no detectable ST3 mRNA prior to stage 56, in agreement with our earlier studies (Fig 2B) [25] . Starting at stage 58, ST3 expression was greatly upregulated only in the connective tissue and by stage 60, ST3 mRNA was present at high levels in nearly all connective tissue underlying the larval epithelium (Fig 2E) . Subsequently, after stage 62, the ST3 mRNA could no longer be detected (data not shown), as expected from Northern blot studies [25] .
A major event during intestinal remodeling is the degeneration of larval epithelium (Fig 1) . To determine if ST3 expression may play a role in larval epithelial degeneration, apoptosis was analyzed by using the in situ TUNEL method on serial sections of the same intestinal fragments used for in situ hybridization analysis of ST3 expression. In premetamorphic tadpole intestine, when ST3 mRNA was not expressed (Fig 2B) , no cell death could be detected by TUNEL labeling (Fig 2C) . On the other hand, at stage 60/ 61, when ST3 was highly expressed in the intestinal connective tissue, apoptosis could be detected in the larval epithelium but rarely in other tissues (Fig 2F) . After stage 62, as ST3 expression was suppressed, apoptosis could no longer be observed (data not shown).
Unlike ST3, both Col3 and Col4 are expressed only weakly in premetamorphic intestine and slightly upregulated during intestinal metamorphosis [26] . In situ hybridization detected little or no Col4 expression in either premetamorphic or metamorphosing intestine under our conditions (Fig 3 B and D) , possibly due to lower sensitivity of the assay. On the other hand, in situ hybridization revealed sporadic regions of Col3 expression in the intestine at stage 60 (Fig 3C) but not in premetamorphic intestine ( Fig  3A) . Like ST3, Col3 mRNA was found exclusively in the connective tissue. However, no spatial correlation was found between Col3 expression and epithelial apoptosis (compare Fig 3C to 2F) .
Correlation of ST3 and collagenase expression with apoptosis and connective tissue degradation, respectively, during tail resorption
In the tail, ST3 was detectable by in situ hybridization by stage 59 (data not shown), consistent with Northern blot analyses [23] , [25] . By stage 62, strong ST3 expression was detected in most cells from the subepithelial fibroblasts to the fibroblasts in the notochordal sheath (Fig 4C, E) . However, no expression was found in the muscles or epidermis (Fig 4C, E) . ST3 mRNA level remained strong in the fibroblasts throughout tail resorption (e.g., stage 64, Fig 4G) .
TUNEL labeling of apoptotic cells revealed that, by stage 62, extensive cell death took place in the epidermis (Fig 4D, F) just above the subepithelial fibroblasts that expressed high levels of ST3. This apoptosis continued till the end of metamorphosis when all tail epidermis degenerated (e.g., Fig 4H for stage 64 when less than 10% of the tail remained).
Although there was overlap between regions of ST3 and Col3 expression within the intestine, Col3 was expressed predominantly in regions of the tail distinct to the regions expressing ST3. Like ST3, Col3 was expressed in the subepidermal fibroblasts at stages 59-61 (data not shown). However, its mRNA was barely detectable in this region by stages 62 to 64 (Fig 5A, C) , when ST3 was highly expressed in this region and There was no signal with the control sense cRNA probe on stage 62 tail (A) or with the TUNEL detection for cell death (B). There was strong ST3 expression at both stages 62 (C, E) and 64 (G) in most connective tissue cells beneath the skin and around the muscles, but not in the notochord or its sheath. Concurrently, extensive apoptosis was detected in the tail, particularly within the epidermis (arrows in F, H) overlying the subepithelial fibroblasts expressing ST3. Panels (E) and (F) are higher magnifications of the tips of the tails shown in (C) and (D). n, notochord; ns, notochordal sheath; s, skin; sef, subepithelial fibroblasts. Bars in A, B, C, D: 100 μm; in E and F: 50 mm; and in G, H: 200 μm.
epidermal apoptosis occurred (Fig 4D, F, H) . On the other hand, Col3 was highly expressed in the cells surrounding the notochord at stages 62-64 (the notochordal sheath, Fig 5A, C) when rapid tail resorption took place, as reflected by the reduction in tail length. In contrast, ST3 had little expression in the notochordal sheath at these stages (Fig 4) . Similar to Col3, Col4 was also expressed by cells within the notochordal sheath. Col4 expression, however, appeared to be restricted to the cells located closer to the notochord (Fig 5B, D) . Furthermore, Col4 was not detected in the subepithelial fibroblasts at any of the analyzed stages (Fig 5B, D) . In addition, as metamorphosis progressed, both Col3 and Col4 expression decreased as the notochord was resorbed, while ST3 mRNA remained very strong in the tail throughout all metamorphosing stages (Fig 4, 5 , and data not shown).
DISCUSSION
Metamorphosis involves the transformation of essentially every tadpole organ/tissue. The tail and intestine represents two organs that are resorbed and remodeled, respectively. The analyses here demonstrate that these changes have distinct involvement of different MMPs. Our in situ hybridization data on ST3 in the intestine agrees with our earlier finding [27] , and the data on ST3 and Col3 in the tail is consistent with the recent report by Berry et al. [28] . However, our detailed comparison of the three MMPs in the two organs and our analyses of the temporal regulation of cell death has not only extended these earlier studies but also revealed different roles of the MMPs during metamorphosis.
The intestine
The tadpole intestine consists predominantly of larval epithelial cells surrounded by thin layers of connective tissue and muscles. Its transformation to frog intestine involves the removal of larval epithelium through apoptosis followed by the development of the adult epithelium. Interestingly, extensive remodeling of the ECM separating the epithelium and connective tissue, i.e., the basal lamina or basement membrane, takes place during this transformation [29] . The basal lamina changes from a thin but continuous layer to a zig-zag, multiply folded, thick structure that appears to be more permeable to allow numerous cell-cell contacts and migration of macrophages into the degenerating epithelium [29] , [30] . The activation of the ST3 gene in the fibroblasts underlying the epithelium coincides spatially and temporally with this ECM remodeling, immediately prior to larval cell death. ST3 expression persists throughout larval epithelial degeneration and adult epithelial cell proliferation (stage 59-62) and is downregulated as adult epithelial cell differentiation takes place after stage 62. This expression profile suggests that, as an MMP, ST3 directly or indirectly modifies the basal lamina, thus altering cell-ECM and/or cell-cell interactions to facilitate larval epithelial cell death. Such a role for ST3 is similar to that implicated for stromelysin-1 during post-lactation mammary gland involution by expression studies as well as transgenic analyses [31] [32] [33] . It is also supported by in vitro studies of Xenopus larval intestinal epithelial cells, where the cells undergo TH-dependent apoptosis just like that in vivo and this cell death can be inhibited by coating the plastic dishes with ECM components [34] . Unlike ST3, Col3 and Col4 expression is only slightly elevated during intestinal metamorphosis [23] , [26] , which may be related to the fact that there is relatively little connective tissue in the tadpole intestine. Under our in situ hybridization conditions, Col4 expression was not detectable while Col3 was found to be expressed only in sporadic regions/cells within the connective tissue in the remodeling intestine. Thus, Col3 and Col4 may be involved in connective tissue remodeling to facilitate adult intestinal morphogenesis and possibly play a minor role in larval epithelial degeneration.
The tail
Tail consists of several major tissue types. These tissues are separated from each other by various ECMs. The expression of the three MMPs suggests that different MMPs are involved in the resorption of these different tissues during metamorphosis.
The skin
Tail skin is different from body skin in tadpoles. While the body skin undergoes larval to adult transformation, tail skin is eliminated during metamorphosis. The skin is made of an epidermis, which is separated from the dermis by a basement membrane. The tail skin degeneration appears to be dermis-dependent because, when tail skin is transplanted to body regions, its dermis is restructured and the skin survives metamorphosis to turn into adult skin; on the other hand, any skin placed on tail dermis degenerates [35] . As in the intestine, the basement membrane between the epidermis and dermis of the tail thickens during metamorphosis [36] . We and Berry et al. [28] have found that Col3 and ST3 are expressed by the sub-epithelial cells starting around stage 58, coincident with these changes. In particularly, we have shown a tight correlation of ST3 expression with cell death not only in the skin but also in the muscles (see below). Thus, ST3 again appears to play a role in ECM remodeling to facilitate cell death.
We found no Col4 expression in the sub-epithelial cells. The Col3 expressed in these cells may play a role in collagen fiber fraying early during tail resorption [36] . Although Col3 may also facilitate epidermal cell death in the tail, its expression is not tightly associated with apoptosis. Compared to the notochord sheath cells, we saw decreased Col3 expression by the sub-epithelial cells after stage 62/63 despite the rapid cell death occurring in the tail skin (see Fig 2) . This differs from Berry et al.'s [28] observation of strong Col3 expression in the sub-epithelial cells at stage 62/63. It is possible that such a difference is due to the analysis of different regions of the tail as there is a distal to proximal gradient of resorption with the distal end regressing faster [37] . As apoptosis was not analyzed in the study by Berry et al.. [28] , it is difficult to directly compare the two studies.
The notochord
This is an important structural feature of the early embryos and is strongly reinforced by a sheath of collagen. The meshwork of collagen fibers which run circumferencially and longitudinally around the entire length of the notochord must be eliminated during tail resorption. Thus, not surprisingly, we found both Col3 and Col4 in the collagen-rich notochordal sheath. On the other hand, ST3 has little expression in this region. Throughout tail resorption, Col3 is expressed in the entire notochordal sheath, while Col4 expression is mainly restricted to the inner cells of the notochordal sheath. These observations are consistent with the studies on Col3 and ST3 by Berry et al. [28] . Thus, both collagenases are likely involved in collagen degradation to facilitate notochord removal while ST3 has little role in this mostly connective tissue-degradation event.
The muscle This is the most abundant tissue of the tail. Muscle cell death also occurs through apoptosis [38] [39] [40] and appears to involve cell death regulators like caspases and Bax/ Bcl-2 family members [41] , [42] . Both our study and Berry et al. s [28] detected ST3 but not Col3 expression in the fibroblasts surrounding the muscle flank. In addition, we showed that Col4 is also absent in the muscle as well as the surrounding fibroblasts. Thus, like the epithelial cells in the tail and intestine, the muscle cell apoptosis is at least in part facilitated by remodeling of the surrounding ECM directly or indirectly mediated by ST3.
In conclusion, we have shown that ST3 appears to play a role in ECM remodeling that may facilitate cell death during metamorphosis. In contrast, the collagenases are involved mainly in connective tissue remodeling/degradation. Such a role for ST3 in cell death appears to be also conserved in mammals where ST3 is also highly expressed in tissues undergoing apoptotic remodeling such as during limb morphogenesis and mammary gland involution [42] , [44] , even though these processes are under different hormonal regulations. The future challenges will be to directly test the functions of these MMPs during tissue remodeling and determine the underlying molecular mechanisms.
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